Doping with heteroatoms is one of the most effective methods to tailor the electronic properties of carbon nanomaterials such as graphene and carbon nanotubes, and such nanomaterials doped with heteroatom dopants might therefore provide not only new physical and chemical properties but also novel nanoelectronics/optoelectronics device applications. The boron and nitrogen are neighboring elements to carbon in the periodic table, and they are considered to be good dopants for carbon nanomaterials. We here review the recent work of boron and nitrogen doping effects into graphene monolayer as well as bilayer on the basis of the first-principles electronic structure calculations in the framework of the density-functional theory. We show the energetics and the electronic properties of boron and nitrogen defects in graphene monolayer and bilayer. As for the nitrogen doping, we further discuss the stabilities, the growth processes, and the electronic properties associated with the plausible nitrogen defect formation in graphene which is suggested by experimental observations.
Introduction
Ever since its discovery in 2004, graphene, a single-layer sheet of hexagonal carbon arrangement, has attracted a lot of interest because it shows unique mechanical and electronic properties [1] [2] [3] [4] [5] . Graphene exhibits extremely elastic property and strong stiffness [5] , the electrons in graphene behave as massless Dirac fermions [2] , and graphene also possesses the enormously high carrier mobility [3] . It has been also reported that several exotic quantized phenomena have emerged [6] [7] [8] [9] . Carbon nanotubes have also received much interest since its discovery in 1991 [10] . The single-walled carbon nanotubes exhibit the metallic and semiconducting properties, depending on how a graphene sheet is rolled up into the cylindrical shape, that is, the spiral conformation of the nanotubes [11] . Furthermore, carbon nanotubes show ballistic transport properties even at room temperature [12] and the sustaining current density of metallic nanotubes is larger by 1000 times than that of copper [13] .
One of the most effective methods to tailor electronic properties of graphene and carbon nanotubes is to dope heteroatoms into the hexagonal carbon network. The boron-(B-) and nitrogen-(N-) doped graphene and carbon nanotubes have been synthesized so far through chemical vapor deposition and electrothermal reactions [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . The p-type fieldeffect transistors (FETs) are successfully produced by using the B-doped graphene, and it is shown that the carrier mobility and the band gaps vary depending on the Bdopant concentration [14, 15] . It is also reported that B-doped graphene behaves as efficient oxygen reduction reaction (ORR) catalysts with alternative ORR active sites [16] . On the other hand, recent experimental measurements of X-ray photoelectron spectroscopy on N-doped graphene as well as N-doped carbon nanotube have revealed the existence of two major N-defect bonding configurations. One is the substitutional N defect where the C atom is simply replaced by the N atom and the other is the pyridine-type N defects where the N atoms are located around vacancies [17] [18] [19] [20] [21] [22] [23] [24] . It has been reported theoretically that the structural variety of N defects in graphene and carbon nanotubes provides various electronic properties such as p-type and n-type conduction properties depending on how atomic configurations of N defects are formed [22, 25, 26] . Actually, the N-doped CNTs are shown experimentally to have p-type transport properties, while the N-doped graphene has produced ntype doping properties [18, 22] . The N-doped graphene 2 Advances in Condensed Matter Physics also enhances the electrostatic capacitance compared with undoped graphene [32, 33] . It is also reported that the pyridine-type N-doped graphene adsorbed with transition metals might provide hydrogen storages and acts as chemical reaction centers [34] [35] [36] . Thus, carbon nanomaterials doped with B and N atoms would offer rich electronic properties and are expected to be useful as potential device materials in nextgeneration nanoelectronics applications [37] [38] [39] [40] [41] [42] [43] .
The purpose of this review is to provide the first-principles density-functional study on atomic structures, energetics, and electronic properties of boron and nitrogen defects in graphene monolayer as well as bilayer. Section 2 discusses boron and nitrogen doping effects on atomic configurations and stabilities of monolayer and bilayer graphenes. In Section 3, we show the electronic structures of B and Ndoped graphenes and demonstrate the scanning tunneling microscopy (STM) images of B and N defects in graphene to identify those defects. Finally, we summarize this paper in Section 4.
Energetics and Structure
In this section, the atomic structures and the energetics of boron and nitrogen defects in monolayer and bilayer graphenes are reported. First, the doping effects of substitutional B and N dopants, where C atom is simply replaced by B and N atoms, into monolayer as well as bilayer graphenes are studied, and then the nitrogen-vacancy complex defects in graphene are also examined to identify the possible configurations among various types of the pyridine-type defects.
To discuss the energetics of B-and N-doped monolayer as well as bilayer graphenes, the formation energy is defined by
where tot is the total energies of the B-or N-doped monolayer graphene and bilayer graphene with AA, AB1, and AB2 stacking patterns, C is the number of C atoms in a supercell, and C , B , and N are the chemical potentials of pristine monolayer graphene, pristine bilayer graphene with corresponding AA or AB stacking pattern, -boron crystal, and N 2 molecule, respectively.
B and N Defects in Monolayer and Bilayer Graphenes.
Before examining the atomic structures of B-and N-doped graphenes, the structural properties of undoped pristine graphene are shown ( Figure 1 ). The calculated lattice constant of the pristine graphene is 2.44Å, which is in good agreement with the experimental value of 2.46Å. We next study the structural properties of substitutional boron and nitrogen defects where one C atom is replaced by the B and the N atoms. The B-C bond length and the C-N one in the substitutionally B-and N-doped graphenes are found to be 1.47Å and 1.40Å, respectively. The B-C bond length is much longer than the calculated C-C bond length of 1.41Å in the pristine graphene, whereas the C-N bond length is slightly shorter than the C-C bond length of the pristine graphene. In addition, the B and N atoms seem to reside in a planar sp 2 -bonding configuration.
We here examine atomic structures of pristine bilayer graphene. For stacking patterns of bilayer graphene, we use two types of bilayer graphene: AA and AB stacking (see Figure 2 ). The AB stacking as well as the AA stacking patterns of undoped bilayer graphenes is experimentally observed [44, 45] . The calculated interlayer distances of AA and AB stacking are 3.60Å and 3.33Å, respectively. In addition, the calculated interlayer distance of the AB-stacked bilayer graphene is similar to the interlayer distance of bulk graphite observed experimentally [46] . The bond lengths between two C atoms in a graphene planar sheet are 1.41Å for both AA and AB stacking patterns as in the case of monolayer graphene.
We also examine atomic structures of B-and N-doped bilayer graphenes. For AB-stacking pattern, we consider two types of B(N-) doped bilayer graphene as depicted in Figure 2 . One is that the C atom on top of the C atom in the lower graphene layer is replaced with a dopant, which is referred to AB1 stacking, and the other is that the C atom on top of the center of a hexagon in the lower graphene layer is replaced with a dopant, which is referred to AB2 stacking. The interlayer distances of B-doped as well as N-doped bilayer graphenes are 3.60Å, 3.33Å, and 3.33Å for AA, AB1, and AB2 stacking patterns, respectively. The B-C bond and the C-N bond lengths in the doped graphene planar sheet are 1.47Å and 1.40Å, respectively, for AA, AB1, and AB2 stacking, and both B and N atoms are in the planar sheet. The B-C bond length is much longer than the C-C bond length in a pristine bilayer graphene, while the C-N bond length is slightly shorter than the C-C bond length in a pristine one. They are almost the same value as B-C bond length of the Bdoped monolayer graphene and the C-N bond length in Ndoped one.
We now study the stabilities of B-and N-doped graphenes. To discuss the energetics of B-and N-doped monolayer and bilayer graphenes, we show the results of the formation energy defined by (1) . The formation energies of the substitutionally B-and N-doped monolayer graphenes are 1.42 eV and 0.32 eV, respectively. The formation energies of AA-stacked bilayer graphene doped with B and N atoms are 1.355 eV and 0.240 eV, respectively, which are the smallest among doping sites into three kinds of stacking patterns AA, AB1, and AB2 for both B-doped and N-doped cases. In addition, the B-and N-doping into AA-stacked bilayer graphene are energetically favorable rather than those into monolayer graphene. We further study the relative stabilities of B-and N-doped bilayer graphenes among three types of AA, AB1, and AB2 stacking patterns. Table 1 shows the formation energy differences between AA-and AB1-, AB2-stacked bilayer graphenes doped with B and N atoms. For the B-doped case, the formation energies of AB-stacked bilayer graphene for two kinds of doping site (AB1 and AB2) take similar values with only 6 meV difference. For the N-doped case, the formation energy of the AB1-stacked graphene is considerably larger by 28 meV than that of AB2 stacking. This means that the substitution with N atom on top of the center of a hexagon is favored energetically rather than that on top of C atom. Thus, the formation energy for the substitution with N atom depends on the substitution site, whereas that for B atom does not depend on it. Furthermore, the B and N doping into bilayer graphene become more preferable in energy than those into monolayer graphene without depending on the stacking patterns.
Nitrogen-Vacancy Complex Defects in Graphene.
We here investigate the atomic configurations and the energetics of nitrogen and atomic vacancy complexes, pyridine-type defects, in monolayer graphene (see Figures 3(b)-3(e)). When the nitrogen is doped into graphene, not only the substitutional N defect but also the pyridine-type defects have been observed experimentally by X-ray photoelectron spectroscopy (XPS) measurements [24, 42] . However, it is difficult to identify the possible atomic configurations among the various formations of the pyridine-type defects.
We now consider five atomic configurations for Ndoped graphene as shown in Figures 3(a)-3(e) in order to discuss the energetics of nitrogen doping into graphene. In Figure 3 (a), the substitutionally N defective graphene (C 31 N) is depicted, where one C atom is substituted with N atom as already discussed. As pyridine-type configurations around a monovacancy, the trimerized (C 28 N 3 ), the monomeric (C 30 N), and the dimerized (C 29 N 2 ) formations are shown in Figures 3(b)-3(d), respectively. In Figure 3 (e), the tetramerized pyridine-type configuration in graphene (C 26 N 4 ) is also illustrated, where four N atoms are arranged around a divacancy. Before discussing the atomic structure of the pyridinetype defects around a monovacancy, we consider the structural properties of the undoped graphene with a monovacancy. In this case, the atomic configuration around the vacancy is relaxed under a Jahn-Teller distortion and the symmetry around the vacancy is lowered from 3ℎ to . Thereby, two of three C atoms around the vacancy move closer together and a pentagon-like ring is formed (Figure 3(f) ). However, the distance of these two C atoms is relatively long compared with the C-C bond length of pristine graphene. This implies that the interaction between two C atoms could be relatively weak. On the other hand, for the trimerized pyridine-type defects where one C atom is removed, three N atoms around the vacancy move away from one another, keeping 3ℎ symmetry (Figure 3(b) ). The N atom is twofold coordinated with the resultant C-N bond length of 1.33Å, which is considerably shorter than the C-C bond length of pristine graphene sheet, 1.41Å. We also consider monomeric and dimerized pyridine-type formations around the monovacancy. For the monomeric formation (Figure 3(c) ), two C atoms around the monovacancy also approach each other. As a result, the covalent bond is formed between two C atoms. This behavior is similar to that around the monovacancy in undoped graphene, as discussed above. In the case of the dimerized pyridine-type defects (Figure 3(d) ), the C atom around the monovacancy has one sp 2 -dangling bond since the distance between the C atom and the N atom around N 2 ) , (e) tetramerized pyridine-type defect (C 26 N 4 ), (f) a monovacancy (C 31 ), and (g) a divacancy (C 30 ). In each case, the geometry is fully optimized in the framework of the density-functional theory. The dashed lines show the supercell. Reproduced with permission from [47] , copyright 2011, the American Physical Society. the monovacancy is large, which is approximately 2.46Å [47] [48] [49] . This structural behavior is quite different from that of Ndoped (10, 0) carbon nanotubes since the C-N bond around the vacancy is formed [50] . These differences may be caused from curvature effects in carbon nanotubes [48] .
We also study the tetramerized pyridine-type defects around the divacancy where two C atoms are removed (Figure 3(e) ). The optimized C-N bond lengths are within 1.32-1.33Å and the interatomic distances among four N atoms remain so long that N atoms keep away from one another as in the case of trimerized pyridine-type defects. On the other hand, for the undoped graphene with the divacancy, the neighboring C atoms around the divacancy move close, and the pentagon-octagon-pentagon rings are formed after the atomic configurations around the divacancy are relaxed (Figure 3(g) ). Thus, C atoms around the divacancy prefer the configuration of the C-C bond to saturate dangling bonds, whereas forming the N-N bond around the vacancy seems to be unfavorable since N atoms around the vacancy should possess the lone-pair electrons.
We move on to discussions on the stabilities of various N-doped graphenes. To discuss the energetics of various Ndoped graphenes, we also calculate the formation energies defined by (1) . Table 2 shows the calculated formation energies of various N-defect configurations. The trimerized pyridine-type formation has the lowest formation energy ( = 2.51 eV) among various pyridine-type defect configurations. On the other hand, the formation energy of Advances in Condensed Matter Physics 5 the tetramerized pyridine-type formation is 2.58 eV, which is larger by only 0.04 eV compared with that of the trimerized one. Thus, this small difference infers that both defects are possible formations, and they are candidates for pyridinetype configurations in graphene. As shown in the previous subsection, the formation energy of the substitutional Ndoped graphene is 0.32 eV and it is the lowest among the various N-defect configurations, which suggests that the substitutional N-defect formation is the most plausible when nitrogen is doped into monolayer graphene. We further extend discussions on energetics of Ndoped graphenes [47] . The formation energy discussed above implies the energetic preference regarding the doping with nitrogen into the perfect sheet of graphene. On the other hand, to address how the pyridine-type configurations are formed, the relative energies are defined by (2)- (5) which are comparing the total energy of the trimerized pyridinetype configurations directly with that of the substitutional N configuration. The relative energies are defined by
Here, (C 32 ), (C 31 ), and (C 30 ) are the total energies of pristine graphene, undoped graphene with a monovacancy, and undoped graphene with a divacancy, respectively, and (C 28 N 3 ), (C 29 N 2 ), (C 30 N), and (C 31 N) are total energies of N-doped graphenes with trimerized, dimerized, monomeric pyridine-type defects, and substitutional Ndoped defect, respectively. (C 1 ) is energy per atom in a pristine graphene which is the same as the chemical potential
The relative energies of 1 and 2 indicate the energetic preferences when there exist the monovacancy and the divacancy in graphene [51] , whereas the relative energies of 3 and 4 discuss the energetic preferences when the monomeric and the dimerized pyridine-type defects are present, respectively. Table 3 shows calculated relative energies of N-doped graphenes. The trimerized pyridinetype configuration becomes energetically favorable by 1 = −6.76 eV rather than the substitutional nitrogen configuration in the presence of the monovacancy defect in graphene. When the divacancy is present in graphene, the trimerized pyridine-type configuration is also favored by 2 = −7.13 eV in energy. We next consider the relative energies 3 and 4 defined by (4) and (5), corresponding to the growth processes of the monomeric and the dimerized pyridinetype defects into the trimerized pyridine-type defects. The 3 value of −3.75 eV means that the monomeric configuration is less stable than the trimerized one by 3.75 eV if two substitutional nitrogen defects are also present and can react with the monomeric pyridine-type defect. In the case of relative energy 4 = −2.10 eV, the dimerized nitrogen formation is also less stable than the trimerized one by 2.10 eV. We thus find that the trimerized pyridine-type formation is more preferable in energy than the substitutional nitrogendefect formation when there is the vacancy in graphene. Furthermore, the trimerized formation in the pyridine-type defect is found to be energetically preferred compared with the monomeric and the dimerized pyridine-type formations. These results of relative energies indicate that the trimerized pyridine-type formation is formed from the substitutional N defect by way of the monomeric and dimerized formations.
Electronic Structures
In this section, the electronic properties of B and N defects in monolayer and bilayer graphenes are presented. In Section 3.1, the energy bands of B-doped and N-doped graphenes are exhibited, and the spatial distributions of the electron densities induced by B and N defects are also shown. In Section 3.2, the scanning tunneling microscopy (STM) images of B-doped and N-doped graphenes are demonstrated. The work functions of B(N-) doped as well as undoped graphene are shown and the polarity variation induced by the B and N defects is discussed in Section 3.3.
Energy-Band Structures.
We begin with introducing the energy-band structure of the pristine monolayer graphene, as shown in Figure 4 (a). The linear dispersions are seen near the Fermi energy and they cross at the Dirac point. This means that the electrons and holes behave as massless Dirac fermions and they can move with the speed of 300 times less than the speed of light. Moreover, graphene becomes a zerogap material [4] .
We next show the energy-band structures of substitutional B and N defects in monolayer graphene in Figures 4(b) and 4(c), respectively. For the B-doped case, the acceptor-like state related to the B defect appears near the Fermi energy, whereas in the case of substitutionally N-doped graphene, the donor-like state associated with the N-impurity defect is observed near the Fermi energy. The substitutionally Bdoped and N-doped graphenes thus may possess p-type and n-type conducting properties since B and N atoms have deficit and extra one electrons compared with C atom, respectively. In Figures 4(d) and 4(e), the isosurfaces of electron densities of substitutionally B-doped and N-doped graphenes at Γ point are displayed, respectively. The electron densities of boron and nitrogen impurities are delocalized around the B atom and the N atom, respectively. It is interesting that there are differences between B and N defects in the spatial distributions of electron densities: the electron density of the B defect is extended to three C atoms around the B atom, which consists of a triangle-like shape, whereas that of the N defect is distributed above N atom and three C atoms, which appears to be individual four spots. In addition, this delocalization in the electron density is also observed in other defects with threefold symmetry such as impurity doped and impurity adsorbed graphenes [52, 53] .
Advances in Condensed Matter Physics The energy bands of graphene with trimerized pyridinetype defects are shown in Figure 5(a) . Being different from the substitutional nitrogen defective graphene, the impurity states induced by trimerized pyridine-type defects are located within the valence band of graphene. This is because the number of electrons of trimerized pyridine-type defective graphene is deficient compared with a pristine graphene. The electron deficiency induces the acceptor-type state and the trimerized pyridine-type graphene exhibits p-type doping property. In addition, it is seen that there are three impurity states related to the trimerized pyridine-type defects near the Fermi level. Figures 5(b) and 5(d)-5(e) exhibit the isosurfaces of electronic states of a single state and doubly degenerated states at Γ point, which are composed of one -orbital and two -orbital shapes, respectively. Interestingly, the feature of impurity states of trimerized pyridine-type defect is similar to that of unrelaxed structure of undoped graphene with the monovacancy [54] .
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Figure 5(c) shows the energy band of the tetramerized pyridine-type defective graphene. It is observed that there are several N-related impurity states near the Fermi level, as in the case of the trimerized pyridine-type defects in graphene, and one of them is unoccupied electronic state. Figure 5 (f) illustrates the isosurface of electron density above the valence-band maximum at Γ point. The spatial distributions of the impurity state are localized at four N atoms around the divacancy and it forms p-like orbital shapes localized at N atoms.
We here examine the electronic structures of bilayer graphene. Figure 6 shows the energy-band structures of pristine, B-doped and N-doped bilayer graphenes. The energyband structure of the pristine AA-stacked graphene is quite different from that of the pristine AB-stacked graphene (Figures 6(a) and 6(d) ). For the AA stacking, the linear dispersions appear near the Fermi level as in the case of the monolayer graphene. The linear dispersion of the AA-stacked graphene is experimentally observed [55] . On the other hand, for the AB stacking, the parabolic bands are seen near the Fermi level due to asymmetric interactions between upper and lower layers in graphene bilayer [56] . In addition, both of AA-and AB-stacked graphenes are still gapless materials.
Irrespectively of the stacking patterns, the substitutional B and N defects give rise to the acceptor-like and the donor-like states near the Fermi energy, respectively, and the charge carriers are induced on both two layers of bilayer graphene [57] . The band gaps appear due to the interactions of dopants arising from lateral periodicity. The band gaps are 0.11 eV, 0.17 eV, and 0.32 eV for B-doped AA-, AB1-, and AB2-stacked graphenes, respectively, and they are 0.09 eV, 0.13 eV, and 0.30 eV for N-doped AA-, AB1-, and AB2-stacked graphenes, respectively. It is interesting that the band gaps vary depending on the stacking patterns, and in addition the band gaps of B-doped systems are somewhat larger than those of N-doped ones. The feature of the band gaps is in agreement with that in a previous report [58] [59] [60] . The energy dispersions near the Fermi energy of AA-stacked graphenes are similar to those of AB1-and AB2-stacked graphenes for both B-doped and N-doped cases, leading to similar STM images as will be discussed later.
Scanning Tunneling Microscopy Images.
Scanning tunneling microscopy (STM) measurement is an effective method to observe the local electronic structures near lattice defects such as atomic vacancies and impurities in atomic level. We here demonstrate the STM images of B and N defects in monolayer and bilayer graphenes. The STM images of various defects in graphene sheets are generated within the Tersoff-Hamann (TH) approach [61, 62] . Due to its simplicity, this approach is well known to be valid for many systems [63] [64] [65] [66] . In this approach, the tunneling current is assumed to be proportional to the local density of states (LDOS) of the surface at the tip position integrated over an energy range restricted by the applied bias voltage [61, 62, 67] . Consequently, the STM images can be constructed from the isosurface of the spatial distribution integrated by the LDOS (r, ) at spatial points r = ( , , ) and energy by several sampling points of the Brillouin zone over the energy range from the Fermi energy to +eV with applied voltage ; that is,
We now examine the STM images of several N-impurity defects in monolayer graphene [47] . Figure 7(a) shows the STM image around substitutional N-defect in graphene at a bias voltage of +0.5 eV (conduction band). It is observed that there are three bright protrusions at three C atoms around the N atom [68] . The dark area in the STM image is seen above the N atom as if the N atom were absent although the spatial distribution of the impurity-induced state is also extended above the N atom (see Figure 4 (e)). The difference is caused from how the spatial distributions of LDOS protrude above the N atom and the surrounding three C atoms: the LDOS above three C atoms are more delocalized compared with that above the N atom. Thereby, the STM image at three C atoms near the N atom has three bright spots, whereas the STM image at the N atom looks dark. Figure 7 (b) exhibits the STM image of the trimerized pyridine-type defects in graphene at a bias voltage of −0.5 eV (valence band). There exist three bright spots localized at three N atoms near the carbon vacancy, and it seems to form a triangular hillock since the spatial distribution of two Ndefect states near the Fermi level has p-orbital character protruding toward the carbon vacancy (Figures 5(d) and 5(e) ). In addition, the STM image exhibits oscillations of electron density with 3 symmetry propagating outwards from the center of the vacancy. Similar features are also observed in the case of the point defect in graphene [54] . Finally, we show in Figure 7 (c) the STM image of tetramerized pyridinetype defects in graphene. In this case, the STM image has two large oval-shaped bright distributions consisting of four bright spots located at N atoms because the N atoms have the p-orbital shaped electron density protruding toward the carbon vacancy ( Figure 5(f) ). Similar oval-shaped protrusions rotated by /2 compared with those in Figure 7 (c) have been reported, corresponding to the pentagon-octagon-pentagon structure in Figure 3 (g) [54] .
We also study the STM images of B-doped and Ndoped bilayer graphenes shown in Figure 8 [57] . The STM images of B-doped bilayer graphenes have a triangle-shaped bright area and show similar behavior irrespective of the stacking patterns. The triangle-shaped bright area in these simulated STM images is similar to that in the B-doped monolayer graphene sheet observed experimentally [15] . The STM images of the N-doped graphene show sharp contrast to those of B-doped ones. The STM images of N-doped bilayer graphene have three bright spots at three C atoms around the N atom and the dark area is seen above the N atom as if N atom is absent. This variation of contrast in the STM image is also observed in the case of the substitutional N defect in monolayer graphene as shown in Figure 7(a) . Moreover, the STM images are also similar to one another for the three stacking patterns as in the case of the B-doped bilayers. [57] . Reproduced with permission from [57] , copyright 2015, Elsevier.
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Work Functions.
We finally study the work function of graphene monolayer and bilayer calculated by
where ∞ is vacuum level and is the Fermi energy. In Figure 9 (a), the work functions of the pristine and (B)Ndoped monolayer graphenes are plotted. The calculated work function of the pristine monolayer graphene is 4.44 eV [26] , being in good agreement with the experimental value of 4.56 eV [69] . When boron is doped substitutionally (SB), the work function increases, which reflects the p-type property, whereas in the case of the substitutional N (SN) defect the work function is reduced to 3.9 eV, being consistent with its n-type doping behavior. For both of the trimerized (P3) and the tetramerized pyridine-type (P4) defects, the work functions increase to approximately 5 eV and the Fermi level moves away from the vacuum level compared with that of the pristine graphene, which means that the trimerized and the tetramerized pyridine-type defects induce the p-type property. Interestingly, the work function of impurity-doped graphene varies with depending on the concentration of the impurity defects [26] .
We also study the work function of bilayer graphene. Figure 9 (b) shows the work functions of the pristine, the Bdoped, and the N-doped bilayer graphene. The calculated work functions of pristine bilayer graphenes with AA and AB stacking patterns are 4.47 eV and 4.50 eV, respectively, which are somewhat larger than that of the pristine monolayer graphene [57] . It is in agreement with the experimentally observed work function of the pristine bilayer graphene [70, 71] . The work functions increase when B is doped for AA, AB1, and AB2 stacking patterns, whereas those of N-doped bilayer graphene decrease without depending on the stacking patterns. Therefore, it is confirmed that B-doped bilayer graphenes show p-type doping properties, while N-doped ones show n-type properties. In addition, it is interesting that, irrespective of the stacking patterns, the work functions of the B-doped bilayer graphene are relatively small than that of the B-doped monolayer graphene and those of the Ndoped bilayer graphene have larger value than that of the substitutionally N-doped monolayer graphene, which infers that the charge carriers are induced on both of upper and lower layers in bilayer graphene.
Conclusions
Based on the first-principles total-energy calculations, the atomic structures, the energetics, and the electronic properties of boron and nitrogen defects in graphene monolayer and bilayer have been reviewed. The substitutional doping with B and N atoms into bilayer graphene becomes energetically favorable rather than that into monolayer graphene. The energetics corresponding to the growth processes from the substitutional N defect to the trimerized pyridine-type defects is clarified. The substitutional B and N defects give rise to the acceptor-like and the donor-like states in monolayer as well as bilayer graphene, respectively, and interestingly the pyridine-type defects induce the acceptor-like state. The simulated STM images of B and N defects exhibit distinctive STM images, which strongly depend on dopant types and the atomic configurations. The work functions increase and decrease when B and N impurities are doped into monolayer and bilayer graphenes.
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